ABSTRACT: Sepsis has been associated with tumor necrosis factor ␣ (TNF-␣) and nitric oxide (NO) overproduction, insulin resistance, and a profound suppression of muscle protein synthesis. However, lesser suppression of muscle protein synthesis in neonatal pigs occurs in response to endotoxin (LPS) when glucose and amino acids are provided. We hypothesize that the LPS-induced TNF-␣ and NO overproduction down-regulates insulin signaling pathway activation in neonatal pigs in the presence of fed levels of insulin, glucose, and amino acids. In skeletal muscle, inducible NOS activity was increased in response to LPS infusion, but phosphorylation of the insulin receptor, insulin receptor substrate-1 (IRS-1), p42/p44 mitogen-activated protein kinase (MAPK), and protein kinase B, the association of IRS-1 with phosphatidylinositol 3-kinase (PI 3-kinase), and constitutive NOS activity were not altered. In liver, activation of the insulin receptor, IRS-1, and PI 3-kinase were not affected by LPS, but p42 MAPK phosphorylation was increased. The absence of a down-regulation in the insulin signaling cascade in muscle despite the LPS-induced increase in TNF-␣ and muscle iNOS, may contribute to the near-maintenance of muscle protein synthesis rates in the presence of glucose and amino acids in LPS-infused neonatal pigs. T he rapid gain in protein mass in skeletal muscle during early postnatal life is sustained by elevated rates of muscle protein synthesis, as a result of enhanced responsiveness to the postprandial rise in insulin and amino acids in the neonatal period (1). In muscle of neonatal pigs, both the activation of the insulin signaling pathway leading to translation initiation, and translation initiation factor activation by glucose, amino acids, and insulin are enhanced (1) when compared with older pigs (2), leading to a relatively high increase in fractional synthesis rates in response to insulin and nutrients (1,3) to allow rapid growth. When bacterial endotoxin (lipopolysaccharide, LPS) is infused to neonatal pigs to induce a septiclike state, the reduction in protein synthesis rates in skeletal muscle is less profound than that described in septic mature animals (4) when insulin and amino acids levels similar to those seen in the fed state are present (5), suggesting that neonatal animals maintain their anabolic drive even in the presence of a catabolic insult, such as LPS. The mechanisms that regulate the highly responsive muscle protein synthesis during development for the duration of a catabolic illness such as sepsis have not been completely elucidated.
T he rapid gain in protein mass in skeletal muscle during early postnatal life is sustained by elevated rates of muscle protein synthesis, as a result of enhanced responsiveness to the postprandial rise in insulin and amino acids in the neonatal period (1) . In muscle of neonatal pigs, both the activation of the insulin signaling pathway leading to translation initiation, and translation initiation factor activation by glucose, amino acids, and insulin are enhanced (1) when compared with older pigs (2) , leading to a relatively high increase in fractional synthesis rates in response to insulin and nutrients (1, 3) to allow rapid growth. When bacterial endotoxin (lipopolysaccharide, LPS) is infused to neonatal pigs to induce a septiclike state, the reduction in protein synthesis rates in skeletal muscle is less profound than that described in septic mature animals (4) when insulin and amino acids levels similar to those seen in the fed state are present (5) , suggesting that neonatal animals maintain their anabolic drive even in the presence of a catabolic insult, such as LPS. The mechanisms that regulate the highly responsive muscle protein synthesis during development for the duration of a catabolic illness such as sepsis have not been completely elucidated.
Sepsis is associated with release of proinflammatory mediators and cytokines such as IL-1, IL-6, tumor necrosis factor alpha (TNF-␣) and nitric oxide (NO), and they appear to be key regulators of the protein metabolic response to sepsis and endotoxin (6, 7) . TNF-␣, independent of cortisol, has been associated with the sepsis-induced reduction in muscle protein synthesis (8) , and the stimulation of NO formation by inducible nitric oxide synthases [(i)NOS] is promoted by LPS and cytokines, including TNF-␣ (6, 7, 9) . There are three NOS isoenzymes; two of these enzymes are expressed constitutively in vascular endothelial cells (eNOS) and in neurons (nNOS) whereas the expression of a third isoenzyme (iNOS) is inducible in a variety of cells (including macrophages, hepatocytes, and vascular smooth muscle) by cellular products of both Gram-negative (endotoxin) and Gram-positive bacteria (10) . NO induction has been implicated in the pathophysiology of sepsis (9, 10) , as well as in the regulation of insulin sensitivity (11) .
Whole body insulin resistance for glucose metabolism has been demonstrated in septic patients and in infected animals (8) . In adult rats, induction of sepsis causes an inhibition of protein synthesis in skeletal muscle that is resistant to the stimulatory actions of insulin (12, 13) . Furthermore, the increase in TNF-␣ level and NOS activity during sepsis induces insulin resistance in mature individuals (9, 14) . Studies using cell culture systems suggest that TNF-␣ stimulates insulin resistance by inducing serine phosphorylation of insulin receptor substrate-1 (IRS-1), converting IRS-1 into an inhibitor of insulin receptor tyrosine kinase, thereby reducing insulin signal activation downstream in the pathway (15, 16) and inhibiting glucose uptake (17) . Furthermore, the TNF-␣-induced reduction of insulin-stimulated tyrosine phosphorylation of IRS-1 appears to be mediated by activation of protein kinase B (PKB) by TNF-␣ (18) . Tyrosine phosphorylation of the insulin receptor is crucial for activation of downstream signaling-components leading to the metabolic effects of insulin, including the stimulation of protein synthesis (19) . Sepsis-induced insulin resistance can also occur by induction of iNOS activity, probably by impairing insulin-stimulated phosphatidylinositol 3-kinase (PI 3-kinase) and PKB activation (20) , resulting in a decline in insulin stimulated-glucose uptake (17) .
LPS infusion has been reported to increase the activation of the mitogen-activated protein kinases (MAPK) family [p38 MAPK, p42/p44 MAPK] in monocytes and endothelial cells (21) , leading to the stimulation of transcription factors which control cytokine expression (22) . In cultured muscle cells, the MAP kinase pathway appears to be involved in the stimulation of protein synthesis by insulin (23) . Tyrosine phosphorylation of IRS proteins and adaptor protein Shc by the insulin receptor stimulates the activation of MAP kinase pathway resulting in the activation of transcriptional activity in the nucleus (23) . However, insulin-stimulated phosphorylation of MAP kinase is markedly diminished in skeletal muscle of LPS-treated adult rats (24) . Thus, the regulation of p42/p44 MAPK activity by LPS may play a role in the sepsis-induced insulin resistance in skeletal muscle in mature animals.
We have demonstrated that endotoxin decreases muscle protein synthesis in neonatal pigs (5) and abrogates the mRNA-binding step in translation initiation, which is insulin regulated, but not the initiator methionyl-tRNA-binding step, which is not regulated by insulin (25) . Therefore, we hypothesize that endotoxin also down-regulates the insulin signaling pathway activation upstream of translation initiation in the presence of fed levels of insulin, glucose, and amino acids. For comparison, insulin-signaling proteins were also examined in the liver, whose protein synthesis rates rise in response to LPS. Since TNF-␣ and NO may play a role in modulating muscle insulin sensitivity, we also determined NOS activity in skeletal muscle of LPS-infused neonatal pigs.
METHODS

Animals.
Two crossbred (Landrace ϫ Yorkshire ϫ Hampshire ϫ Duroc) pregnant sows (Agriculture Headquarters, Texas Department of Criminal Justice, Huntsville, TX) were housed and fed (5084, PMI Feeds, Richmond, IN) in lactation crates in individual environmentally controlled rooms for 1-2 wk before farrowing. After farrowing, catheters were inserted into the jugular vein and carotid artery of each piglet, as previously described (5), and pigs were returned to the sow and were allowed to suckle freely until studied. Experimental design. Piglets (5-6 d of age; 2.2 Ϯ 0.37 kg) from two litters were assigned randomly to control (n ϭ 10) and LPS (n ϭ 10) treatment groups. Before the study began, the animals were removed from the sow and fasted overnight in a heated room (84°F), with free access to water but no feed. One hour before the LPS infusion was initiated, animals were infused with dextrose at a rate of 800 mg ⅐ kg Ϫ1 ⅐ h
Ϫ1
and a balanced amino acid mixture (5) at a rate of 1.8 mmol total amino acids ⅐ kg Ϫ1 ⅐ hr Ϫ1 to simulate a normal fed state. One hour after the initiation of the dextrose/amino acid infusion, the LPS group received a continuous infusion 10 g ⅐ kg Ϫ1 ⅐ hr Ϫ1 ⅐ of Escherichia coli endotoxin (lyophilized E. Coli Serotype 0111-B4, Sigma Chemical Co. Chemical Co, St. Louis, MO) that was continued for 8 h whereas the control group received an equal volume of sterile normal saline solution (0.9% sodium chloride) at the same rate as the LPS infusion. Eight hours after the LPS infusion was initiated, pigs were euthanized with an intravenous dose of pentobarbital sodium (50 mg ⅐ kg body weight). Longissimus dorsi muscle and liver were rapidly removed, frozen in liquid nitrogen, and stored at Ϫ70°C until analysis.
Hormone and substrate determinations and measurement of protein synthesis in pig muscle and liver. The plasma concentrations of TNF-␣ and IL-1, cortisol, insulin, glucose, and amino acids were determined as previously described (3, 5) . The fractional rate of protein synthesis was measured with a flooding dose of [ 3 H] phenylalanine (3), and was calculated as previously described (3, 5) .
Preparation of tissue extracts, immunoprecipitation, and Western blot analysis. Muscle and liver samples were homogenized with a Polytron (Brinkmann Instruments, Inc.) and solubilized as previously described (2). The homogenate was incubated for 45 min at 4°C with gentle mixing and then centrifuged at 35,000 g for 1 h at 4°C. The supernatant was collected and an aliquot was assayed for protein concentration using the BCA assay (Pierce, Rockford, IL).
To determine the tyrosine phosphorylation of IR and IRS-1, protein samples from tissue extract preparations were immunoprecipitated with antimouse anti-IR and anti-IRS-1 antibody, respectively. To determine the activation of PI 3-kinase in muscle, we measured the association of IRS-1 with p85 subunit of the PI 3-kinase by immunoprecipitating tissue homogenate with mouse anti-IRS-1 antibody, followed by immunoblotting with antip85 antibody. The immunoprecipitants were subjected to Western blot analysis as previously described (2) . To determine phosphorylation of p44/42 MAP kinase, tissue extracts were separated by SDS-PAGE on a 10% acrylamide gel followed by Western blot analysis using antiphosphospecific p44/42 MAP kinase (1:2000) that recognizes the proteins only when they are phosphorylated at Thr202/Tyr204 (26) . The blots were then quantified by computerized densitometry (Molecular Dynamics Pharmacia, Piscataway, NY) and the phosphorylated forms were normalized by the total protein recovered from the immunoprecipitate.
NOS assay. NO synthase activity was measured as previously described (27) . Briefly, skeletal muscle (ϳ0.250 g) was homogenized in 1 mL 50 mM HEPES buffer (pH 7.4) containing 1 mM EDTA and protease inhibitors. The homogenate was centrifuged at 600ϫ g at 4°C for 10 min, and the supernatant was used for NOS assay. For determining iNOS activity, the assay mixture (0.2 mL) contained 0.
14 C]arginine (150 Bq/nmol), 0.1 mM L-valine (an inhibitor of arginase), 0.1 mM L-citrulline (to prevent the potential recycling of 14 C-citrulline into arginine), 2 mM EGTA, and tissue extract (ϳ1 mg protein). For determining total NOS activity, the assay mixture contained all above components, except that 2 mM CaCl 2 replaced 2 mM EGTA. Radioactivity blanks containing all above components plus 2 mM N G -methyl-L-arginine (an inhibitor of NOS) were included to improve assay specificity. cNOS was calculated by subtracting iNOS from total NOS activity.
Statistics. Analysis of variance was used to assess the effect of LPS infusion. Probability values of Ͻ0.05 were considered statistically significant. Data are presented as mean Ϯ SEM.
RESULTS
Clinical, hormonal, and metabolic markers during experimentally induced sepsis. The data on the metabolic response to LPS in neonatal pigs have been published previously (5). As previously described (5), body temperature and heart rate were significantly higher (p Ͻ 0.05) in LPS-treated than in control pigs (Table 1) . Cortisol and TNF-␣ were higher (p Ͻ 0.05) in LPS-treated than in control pigs. LPS infusion induced a reduction in plasma glucose and BCAA concentrations in LPS-treated than in control pigs (p Ͻ 0.05).
Protein synthesis in skeletal muscle and liver. The data on fractional protein synthesis have been published previously (5) and are included here for comparison. LPS infusion altered protein synthesis rates in skeletal muscle and liver as previously described (5) . LPS infusion caused a small (Ϫ11%), but significant reduction (p Ͻ 0.05) in the fractional rate of protein synthesis in skeletal muscle (controls, 19.5 Ϯ 0.5%/d; LPS, 17.4 Ϯ 0.6%/d). Furthermore, LPS infusion increased the fractional rate of liver protein synthesis (p Ͻ 0.05; controls, 70.8 Ϯ 2.8%/d; LPS, 86.2 Ϯ 3.8%/d).
NOS activity in skeletal muscle. The activity of iNOS was not detectable in skeletal muscle of control neonatal pigs (Table 2 ). In response to LPS infusion, iNOS activity in skeletal muscle increased sharply (p Ͻ 0.001). The activity of constitutive NOS (cNOS), which consists of eNOS and nNOS, was not different between groups. Total NOS activity was higher (p Ͻ 0.001) in LPS-treated than in control pigs, because of increased iNOS activity. Because the liver has an exceedingly high activity of arginase that rapidly degrades arginine (28), we could not measure NOS activity using [ 14 C] arginine as the substrate in this tissue.
Insulin receptor, IRS-1, PI 3-Kinase, PKB, and p42/p44 MAPK activation in skeletal muscle. In skeletal muscle, LPS treatment did not alter insulin receptor phosphorylation (Fig.  1A) , a fundamental step required for activation of downstream insulin signaling-components (19) . Infusing LPS for 8 h did not alter IRS-1 tyrosine phosphorylation (Fig. 1C) , the association of IRS-1 with PI 3-kinase (Fig. 1E) , PKB phosphorylation ( Fig. 2A) , and the phosphorylation of p42 or p44 MAPK in muscle of neonatal pigs ( Fig. 2C and E) .
Insulin receptor, IRS-1, PI 3-Kinase, PKB, and p42/p44 MAPK activation in liver. In the liver, LPS infusion did not alter phosphorylation of the insulin receptor or IRS-1 (Fig. 1B  and D) or the association of IRS-1 with PI 3-kinase (Fig. 1F) , but tended to increase serine phosphorylation of PKB (p ϭ 0.06; Fig. 2B ). LPS infusion increased the phosphorylation of p42 MAPK (p Ͻ 0.05), but not p44 MAPK, in liver ( Fig. 2D  and F) .
DISCUSSION
Insulin signaling in experimentally induced neonatal sepsis. Profound suppression of muscle protein synthesis and reduced activation of the insulin signaling proteins in skeletal muscle, such as insulin receptor and IRS-1, has been reported in mature septic animals (24, 29) . However, in LPS-infused neonatal pigs, the response of muscle protein synthesis to insulin is maintained despite depression of the translational process (30) , an event that occurs downstream of the insulin signaling pathway and can respond to amino acid stimulation alone. In the current study, when neonatal pigs were maintained on insulin, glucose, and amino acid concentrations similar to those seen in the fed state (5), LPS did not have an effect on the activation of components of the insulin signaling pathway despite similar circulating levels of insulin and reduced glucose and amino acid concentrations. Since LPS only modestly decreased protein synthesis rates in muscle when compared with adult models of sepsis (8), the results suggest that insulin resistance for protein metabolism may not occur in acute endotoxemia in neonatal pigs. Endotoxin and TNF-␣ has been implicated in the development of insulin resistance during sepsis (16, 31) . In humans, systemic infusion of TNF-␣ reduces whole-body glucose disposal (32) due to effects on both hepatic and peripheral insulin sensitivity, including skeletal muscle (8) , and in rats, high circulating levels of TNF-␣ have been shown to induce insulin resistance for protein metabolism by decreasing translation initiation (8) . In vitro, TNF-␣ inhibits the activation of the insulin receptor by stimulating phosphorylation of serine residues of IRS-1 (15), which negatively regulates insulin receptor tyrosine phosphorylation, and blunts the insulin-stimulated tyrosine phosphorylation of IRS-1 (18) . Since in our study, the increase in TNF-␣ in response to endotoxin did not alter insulin receptor and IRS-1 tyrosine phosphorylation, we hypothesize that the elevated insulin receptor kinase activity in skeletal muscle of neonatal pigs may overcome potential inhibitory effects of serinephosphorylated IRS-1 on the insulin receptor. It is also possible that IRS-1 serine phosphorylation will be unaffected by TNF-␣ or LPS stimulation in the neonatal pig. Moreover, in contrast to findings in adult rats (31), the LPS-induced increase in TNF-␣ was not associated with altered activation of components of the insulin signaling pathway, suggesting that the response of the insulin signaling cascade to TNF-␣ in muscle may be affected by development (2) . NOS activity in experimentally induced neonatal sepsis. The induction of iNOS activity in a variety of tissues during sepsis has been proposed to be part of an adaptive response of the host defense mechanism (9). Furthermore, induction of iNOS activity either by LPS treatment (11) or by obesity (20) has been linked to the impairment of glucose transport in skeletal muscle that contributes to the whole body insulin resistance for glucose metabolism. In our study, LPS infusion increased inducible NOS activity, similar to previous reports (33) . Although constitutive NOS (nNOS ϩ eNOS) activity has also been shown to increase in adult rats with sepsis (34), we found that constitutive NOS activity was unaltered in skeletal muscle of LPS-infused piglets. This suggests that the LPSinduced NOS activation in skeletal muscle of neonatal pigs is derived exclusively from iNOS, whereas in adult animals, LPS increases both constitutive NOS and iNOS activities. It has been postulated that iNOS impairs glucose transport by affecting insulin receptor signaling to PI 3-kinase (20) and PKB activation in skeletal muscle of mice (20) . In our study, despite the LPS-induced increase on iNOS activity in neonatal skeletal muscle, the activation of early steps of the insulin signaling pathway was not altered by LPS treatment, suggesting that neonatal pigs may be unique in the ability to maintain insulin responsiveness during LPSinduced NO overproduction.
Role of insulin signaling in the regulation of muscle protein synthesis in experimentally induced neonatal sepsis. In adults, sepsis reduces skeletal muscle protein synthesis and is associated with reductions in the activation of translational mechanisms downstream of mTOR (25) . In response to insulin and IGF-I treatment, PKB activation increases phosphorylation of mTOR on Ser2448 (35) . In our study in neonatal pigs, LPS did not affect PKB phosphorylation on Ser473 despite a 50% reduction in mTOR phosphorylation (25) . This finding suggests that in skeletal muscle of LPS-treated neonatal pigs, mTOR phosphorylation at Ser2448 can be modulated through a mechanism distinct from PKB. Since the activation of the insulin signaling pathway in neonatal pigs links with the activation of translation initiation leading to the stimulation of protein synthesis in muscle (1, 2) , the lack of correlation between the insulin signaling pathway, the translational process and protein synthesis rates during acute endotoxemia in the neonatal pig may be unique, and may contribute to the relative resistance of muscle protein synthesis to the catabolic effect of sepsis. In this regard, it is possible that insulin will increase global rates of muscle protein synthesis in neonatal sepsis by stimulating protein synthesis in other sub cellular organelles such as the mitochondria, which may require a process separate from mTOR. MAP kinase pathways are involved in the stimulation of cytokine production during sepsis (22) . However, in skeletal muscle of adult rats, LPS treatment reduces p42/p44 MAPK phosphorylation (24) . We have shown previously that p42/p44 MAPK phosphorylation in neonatal muscle is augmented in response to LPS in the fasting state, and that insulin attenuates this response (30) . In the current study, the lack of effect of LPS infusion on p42 and p44 MAPK phosphorylation in muscle may be consistent with raised insulin levels in response to dextrose and amino acids infused, and may play a role in limiting the sepsis-induced insulin resistance in skeletal muscle in neonatal pigs.
Effect of LPS on insulin signaling in the liver of neonatal pigs. Sepsis and LPS in neonatal pigs stimulates liver protein synthesis (5), and in both healthy and LPS-infused neonatal pigs, liver protein synthesis is unaffected by insulin, in contrast to skeletal muscle, in which insulin increases and LPS decreases protein synthesis (30) . In our study, LPS did not affect the activation of early steps of the insulin signaling pathway in the liver of neonatal pigs, similar to reports in adult rats (29) . In our study, PKB phosphorylation tended to increase in response to LPS, without an associated increase in PI 3-kinase activation during sepsis, similar to previous reports (30) . It is generally accepted that insulin-induced activation of PKB is strictly dependent on the activity of PI 3-kinase (36) . However, PI 3-kinase independent activation of PKB has also been reported (37, 38) , and we have shown that PKB phosphorylation in the liver also tends to increase in response to insulin in LPS-infused neonatal pigs (30) . This suggests that, in liver of septic neonatal pigs, there is an unknown PI 3-kinase independent mechanism that stimulates PKB activation, leading to the stimulation of liver protein synthesis.
In the liver, LPS infusion induced an increase in p42 MAPK phosphorylation, but not p44 MAPK in liver, similar to reports in adult rats challenged by cecal ligation and puncture (39) . Since activation of P42/44 MAPK has been associated with enhanced cytokine expression, the increase in protein synthesis in the liver relative to the increase in p42 phosphorylation may reflect acute phase reactant synthesis (22) . Previously, we found that LPS increased P42/44 phosphorylation in liver during fasting, and insulin appeared to attenuate this response (30) , in contrast to reports in adult rats, where insulin appeared to amplify this response (39) . Since there is a lack of effect of LPS infusion on p42 and p44 MAPK phosphorylation in muscle, in contrast to an increase in p42 MAPK phosphorylation in liver, we speculate that the LPS-induced stimulation of components of MAP kinase pathway is dependent on the organ studied (29) and may be related to an increase in cytokine production by the liver.
Perspective. In the present study, the activation of the early insulin signaling components in skeletal muscle is maintained in LPS-infused neonatal pigs, despite increased TNF-␣ levels and iNOS activity, which have been shown to promote insulin resistance. Maintaining the high activity of the insulin signaling pathway in the face of a septic-like insult may attenuate the catabolic effect of sepsis in the neonate. Further study of the effects of development during sepsis on the interaction between cytokines, nitric oxide, and insulin signaling activation is needed to understand the attenuated decrease in muscle protein synthesis in neonatal when compared with mature animals.
